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Introduction
Lithium-ion secondary batteries have found broad application since first commercialized in the early 1990s by Sony [1] , and are now being used for applications ranging from consumer electronics to electric vehicles and electrical grid storage [2e4] . Typically, graphite is used as an anode in Li-ion secondary batteries due to its attractive properties which include its low-cost, ease of processing, and good conductivity [5, 6] . However, graphite possesses a theoretical capacity of 372 mAh g À1 , which limits the available energy density of commercial batteries. Graphite also presents a number of safety issues. The low lithium intercalation voltage at the graphite electrode can lead to lithium plating during cycling, which can cause fires and explosions [7] . This issue is particularly important during fast charging. Over the past decade, considerable efforts have been made to develop alternative electrodes with improved electrochemical performance [8e12] . Nanostructuring has been receiving attention for enhancing electrode performance, in particular due to the potential for providing electrodes with high surface areas and short electron and ion transport pathways. However, high surface areas may also lead to undesirable side reactions, which must be considered.
Since Tarascon first reported the use of a nanoscale transition metal oxide as an anode material [13] , many transition metal oxides anodes have been considered [14, 15] . Co 3 O 4 is considered promising due to its high theoretical capacity of 890 mAh g À1 [16e20], which has led to a number of reports on the fabrication of Co 3 O 4 -based anodes, including approaches based on redox precipitation [21] , H 2 O 2 -controlled hydrothermal processes [22] , solvothermal [23] and molten salt [24] . For transition metal oxide systems in general, providing efficient pathways for electrons, is of particular importance, given the poor conductivities of both most transition metal oxides, and Li 2 O, the product of the reaction with lithium. It is also important to avoid aggregation of the electrochemically active phase during the chargeedischarge process and to accommodate any volume changes during cycling.
Here we present an ultrathin nanosheet-coated three-dimensional (3D) inverse opal anode, fabricated as outlined in Scheme 1. The Ni inverse opal scaffold was fabricated by electrodeposition of Ni metal through a sacrificial polystyrene opal template following our previous procedures [33, 34] . Ultrathin Co 3 O 4 nanosheets (4 nm thick) were hydrothermally grown onto the Ni scaffold followed by a heat treatment. As fabricated, the electrode provides a very short pathway for lithium and electrons in the Co 3 O 4 , is mechanically stable, and provides good long-range electrical conductivity. Because the Co 3 O 4 is attached to the surface of the porous 3D inverse opal, Co 3 O 4 aggregation can be avoided, enabling most of the active nanomaterials to take part in the electrochemical reactions during the chargeedischarge process.
Experimental

Ni inverse opal fabrication
The Ni inverse opal fabrication is similar to our previous reports [35, 36] with some modifications. Typically, glass substrates were first cleaned with piranha solution (volume ratio of H 2 SO 4 to H 2 O 2 is 3:1; Caution, piranha is highly corrosive and potentially explosive) and coated with~5 nm Cr and~60 nm Au by e-beam evaporation (Temescal, Inc). To modify the surface of the substrate for polystyrene opal growth, the gold-coated substrate was immersed in a 0.5 mM aqueous solution of 3-mercapto-1-propanesulfonic acid, sodium salt (SigmaeAldrich Corp.) for 2 h. Polystyrene spheres with a diameter of 600 nm (Molecular Probes) were dispersed in Millipore water to prepare a 0.2 wt% suspension. After drying, the pre-treated substrate was placed vertically in a vial with the polystyrene suspension at 55 C for deposition (Supplementary information Fig. S1a ). The resulting polystyrene opal was sintered at 95 C for 3 h to increase the pore size of the electroplated Ni inverse opal. The Ni inverse opal was electrodeposited using current of 2 
Characterization
XRD was collected using a Philips X'pert MRD X-ray diffractometer (XRD) with Cu Ka radiation (1.5418 Å). Diffraction patterns were recorded at room temperature over the 2q range of 10e80 . The XRD peaks were compared with Joint Committee on Powder Diffraction Standards (JCPDS). The morphology, structure and composition of the samples were investigated using a Hitachi S-4800 scanning electronic microscope (SEM), a Hitachi S-4700 SEM equipped with an Oxford INCA energy dispersive X-ray (EDX) analyzer, and a JEOL 2100 Cryo transmission electron microscope (TEM) operating at 200 kV. Elemental mappings were carried out on the Hitachi S-4700 SEM. Active material loading was determined via inductively coupled plasma (ICP) analysis using a PerkinElmer Elan DRCe ICP-MS.
Electrochemical measurements
Electrochemical tests were performed using two-electrode cells with lithium metal as the counter and reference electrodes using Princeton Applied Research Model 273A and Biologic VMP3 potentiostats. The Co 3 O 4 -coated structures were set as the working electrodes. Cell assembly was performed in an Ar-filled glove box. A non-aqueous electrolyte consisting of 1 M of LiClO 4 into a 1:1 mass ratio mixture of ethylene carbonate and dimethylene carbonate was used. The electrode capacities were measured by a galvanostatic chargeedischarge method at a current density of 500 mA g À1 (0.56C, a rate of 1C corresponds to complete charge or discharge of theoretical capacity in one hour) over the potential range of 5 mV to 3.0 V. Cyclic voltammetry (CV) data were recorded over the potential range of 0.0e3.0 V at a scan rate of 0.1 mV s À1 .
Results and discussion
The electrode morphologies at various stages of the fabrication process are shown in Fig. 1 . In Fig. 1a , it can be seen that the polystyrene spheres self-assemble into an ordered opal structure (cross section shown in Fig. S2a ). The slightly merged sphere contact points after the 95 C treatment result in a more porous Ni inverse opal structure after template removal (Fig. 1b) . Lowmagnification top-view and cross section SEM images are shown in Fig. S2b and c, respectively. The Ni inverse opal exhibits an interconnect window pore diameter of about 80 nm between adjacent cavities. We have generally found an enlarged interconnect is important for ion diffusion through the structure to obtain uniform Co 3 O 4 deposition through the thickness of the inverse opal during the hydrothermal growth. Small pores substantially limit ion diffusion, diminishing the growth of materials at the bottom of inverse opal. Fig. 1cef shows the top and cross-sectional SEM images of the Ni scaffold coated with the Co 3 O 4 nanosheets (after the heat treatment) at both lower-and higher-magnification. The uniformity of Co 3 O 4 deposition in each cavity indicates that the ultrathin Co 3 O 4 nanosheets grew throughout the whole inverse opal, including the bottom (Fig. S2d) .
Via glancing angle XRD (Fig. 2 ) a weak and broad diffraction peak centered at 18.6 is observed, which correlates with the (111) plane of cubic phase Co 3 O 4 (JCPDS card No. 42-1467). Under a normal scan mode from 10 to 80 2q (Fig. 2, inset) , the Co 3 O 4 peak is barely observed. The peaks at 38.1 , 44.7 , and 52.2 can be indexed to Au (111), Ni (111), and Ni (200) from the substrate and the scaffold. There was no sign of NiO or other impurities in either the glancing angle or conventional XRD.
The structure of the ultrathin Co 3 O 4 nanosheets removed from a Ni@Co 3 O 4 inverse opal via ultrasonication in ethanol for 1 h was investigated in depth by TEM (Fig. 3) . From Fig. 3c, and Fig. S3 , the nanosheet thickness is found to be about 4 nm. Lattice fringes with spacings of 0.47 and 0.28 nm, corresponding to the (111) and (220) planes of cubic Co 3 O 4 , respectively can be observed. Selected area electron diffraction (SAED) (Fig. 3d) indicates the Co 3 O 4 is polycrystalline.
The nanosheet morphology is consistent with SEM observations.~2e4 nm mesopores can be observed in the higher magnification TEM image (Fig. 3b) . The mesopores are distributed through the nanosheets at high densities. We suspect a high density of pores is valuable to enable lithium ions to diffuse through the electrode (otherwise ion diffusion would likely be blocked). We do not know the mechanism for formation of the pores in the nanosheets, but perhaps they form during the heat treatment as the hydrothermally deposited phase densifies and crystalizes. The pores may also provide additional free space to accommodate the volume expansion of Co 3 O 4 along the lateral direction. As we previously showed for a silicon coated Ni inverse opal anode [33] , the 3D porous Ni inverse opal is compatible with systems which undergo rather large volume expansions. To determine the distribution and loading of the Co 3 O 4 nanosheets through the Ni inverse opal, both elemental mappings and ICP measurements were performed. As can be seen from the elemental mapping (Fig. 4) Fig. 5a . The reactions between Co 3 O 4 and Li-ions during charging and discharging are expressed in Equations (1) and (2) [41e43]. In the first cathodic process, a sharp peak at about 0.85 V can be ascribed to the reduction of Co 3 O 4 into CoO. The relatively broad peak around 0.55 V can be attributed to both reduction of CoO to Co and solid electrolyte interface (SEI) formation. Moreover, a weak peak at about 0.1 V could be caused by the reversible formation-dissolution of a polymer/gel-like film as the result of a catalytically enhanced electrolyte reduction proposed by Tarascon [44] , and formation of a lithium-gold alloy [45] . These factors give an extra reversible capacity to the reaction mechanism expressed in Equations (1) and (2) and may contribute to capacities exceeding the theoretical capacity. As for the first anodic process, peaks from about 1.1 to 2.2 V are associated with the reversible oxidation of Co to a series of cobalt oxides. The small peaks below 0.5 V are probably due to reactions with electrolyte at the electrode interface, and dealloying of the gold substrate. To evaluate these peaks, CV of the bare gold substrate and the Ni inverse opal coated gold electrodes were also conducted, as shown in Fig. 4c and d . Similar peaks below 0.5 V were observed, which can be ascribed to dealloying of gold [45] . No signal from NiO (usually~0.5 V and 1.2 V cathodic peaks which correspond to the initial reduction of NiO to metallic Ni, and the reduction of NiO in the following cycles, respectively [46] ) or an~2.3 V anodic peak [47] ) in the CV of the Ni inverse opal on gold electrode was detected, indicating minimal oxidation of the Ni scaffold. From the second scan on, the cathodic peak shifts to 0.75 and 1.34 V are caused by reduction of polarization after the first cycle. The similarity between the second and third cycle suggests that Reactions (1) and (2) are reversible.
The galvanostatic charge and discharge performance of the Ni@Co 3 O 4 nanosheet inverse opal electrode at a current density of , respectively. The fact that the discharge capacity is much greater than the theoretical capacity value of Co 3 O 4 (890 mAh g À1 ) is probably due to the formation of an irreversible SEI layer, a reversible gel-like film on the surface of Co 3 O 4 nanosheets, and the contribution from the lithium alloying reactions with gold (we will discuss the contribution from gold in greater detail in the following paragraph). We also speculate that the porous structure of the ultrathin Co 3 O 4 nanosheets may provide additional sites for entrapment of lithium during the discharge process. Because of the high surface area of the Co 3 O 4 , lithium may be deposited on the surface of the Co 3 O 4 in addition to inside the active material, as has been observed for other, usually carbonaceous materials [48] , which would also increase the capacity [49, 50] .
In Fig. 6a , the plateaus at about 1.2 and 0.8 V during the discharge process can be ascribed to the conversion from Co 3 O 4 to an intermediate phase CoO and then to metallic Co, respectively. The plateau close to 0.1 V may be attributed to the reversible formation-dissolution of polymeric species on the surface of Co 3 O 4 at low potential and the alloying reactions between lithium and gold, as previously discussed. The gold capacity contribution to the total capacity in Fig. 6a , was estimated taking into account the electrochemical reaction potential ranges (shown in CV), the current density, and the gold mass (~0.23 mg, at a size of 2 cm 2 , 60 nm thick). The gold capacity also decays during cycling, which is consistent with the previous report [51] . From Fig. 6b , it is found that the first irreversible capacity loss (discharge) of the electrode is 18.7%. The first Coulombic efficiency is 87.5%, and it increases gradually to greater than 97% after 9 cycles. After that, the Coulombic efficiency remains around 98%. Even after 50 cycles at a current density of 500 mA g À1 (corresponding to 0.56C), the electrode still maintains a capacity of about 726 mAh g À1 (the measured capacity is 770 mAh g
À1
, and the estimated capacity due to gold is about 44 mAh g À1 , see discussion in the SI following Fig. S3 for a more extensive discussion), which is much greater than the theoretical capacity of commercial graphite (372 mAh g À1 ).
Compared with a number of previous reports on anode nanomaterials (Table S1 ), the ultrathin Co 3 O 4 nanosheet-grown 3D electrode appears to provide a competitive capacity and fast chargeedischarge rates. The excellent cycling performance under high current densities is particularly interesting, as many emerging high energy density systems have significant capacity losses at high rates. Fig. 6c shows the discharge capacities of the Ni@Co 3 O 4 nanosheet inverse opal electrode at a series of chargeedischarge current densities of about 571, 714, 1071, 1429, and 1786 mA g
. Even at 1786 mA g À1 the electrode has a capacity of 487 mAh g À1 (as previously noted, the capacity at 500 mA g À1 after 50 cycles was 726 mAh g À1 ). When the current density is returned to 571 mA g À1 , the capacity recovers to 698 mAh g À1 ). While 1786 mA g À1 does not
correspond to a high C-rate compared to previous report [52] , the capacity retention at a lower C-rate after high C-rate cycling indicates the high C-rate cycling does not damage the electrode. Electrochemical impedance spectroscopy (EIS) was used to evaluate the electrical properties of the electrode (Fig. 6d) . All impedances were measured at 3 V from 0.01 Hz to 100 kHz. The Nyquist plots consist of a semicircle in high frequency region which can be ascribed to the charge transfer process at the interfaces between electrolyte and electrode [53] , and a straight line in the low frequency region. Prior to the first cycle, the electrode shows a smaller diameter semicircle relative to after 15 cycles, indicating that the charge transfer resistance increases with cycling, perhaps due to SEI formation. By fitting with an equivalent circuit model similar to previous literature reports [54, 55] , the combination of surface film and charge transfer resistances (R sfþct ) is determined to increase with cycling from 78 to 114 U. The capacitances before and after cycling are about 31 and 54 mF, respectively, which are close to some other anodes such as the carbon-coated ZnFe 2 O 4 nanoparticles [56] and the Fe 2 O 3 nanoflakes [57] . In the low frequency region, the slopes remain around 60 before and after cycling, indicating the Warburg impedance remains constant, suggesting stable contacts between active materials and the current collector and that the solid phase Li-ion diffusion processes remain constant [58] . The robust nature of the electrode after 50 cycles is also confirmed by electron microscopy. In the SEM images (Fig. S4) , the structure of electrode appears to be retained even after numerous lithiation and delithiation cycles. The TEM observations (Fig. 7) indicate the nanosheets retain their layered and porous structure after 50 cycles. A thin SEI layer can be observed at the very edge (most clear in Fig. 7b ), which is in agreement with other reports on cycled nanomaterial-based electrodes [59, 60] . We found the nanosheets remain tightly attached to the Ni scaffold after cycling (Fig. S5) . Based on the morphological and electrical characterization, the rate and cycling performance of the Ni@Co 3 O 4 nanosheet inverse opal electrode can be attributed to the following: the ultrathin Co 3 O 4 nanosheets provide short pathways for lithium and electrons, the electrode is mechanically stable, and the Ni scaffold provides good long-range electrical conductivity. In addition, the Co 3 O 4 is attached to the surface of the porous 3D scaffold, minimizing its aggregation into larger particles. Based on the capacity measurements, it appears most of the electrochemically active material participates in the reactions with lithium. In addition to the attributes listed above, for a number of applications, the voltage hysteresis is also important [61, 62] (perhaps less important for small portable devices, where the round-trip efficiency is less critical than total energy, and more important for large-scale applications, where good round-trip efficiency provides a significant financial benefit). A voltage hysteresis both leads to energy loss during cycling, and is an issue for battery management systems [63, 64] . While the full mechanism for hysteresis is not known, models, including one proposed by Gallagher et al. relate hysteresis and voltage fade to partially reversible migration of transition-metals and/or Li, driven by the presence of vacancies [65] . This model was subsequently supported by direct evidence of path-dependent lithium site occupation, correlated to structural reorganization of the metal oxide and electrochemical hysteresis during lithiationedelithiation [66] . Reddy et al. reported that a lower hysteresis was observed at higher temperature, which could be due to improved ionic conductivity of electrolyte and diffusivity of Li, as well as enhanced surface/interfacial reaction kinetics [45] . Other groups have also found that diffusion of multiple species is important [67] . From the CV data, we estimate the hysteresis of our electrode to be~0.72 V, which is similar and perhaps better than other Co 3 O 4 -based anodes. For example, 35 nm Co 3 O 4 nanoparticles showed a hysteresis of~0.83 ± 0.03 V at 0.2C) [68] . Our system provides efficient electron transport pathways, and good access of the active material to the electrolyte, however, clearly additional work is needed.
To evaluate the effect of Co 3 O 4 loading and scaffold morphology, the electrochemical properties of an electrode grown with relatively thick (~20 nm thick) Co 3 O 4 nanosheets and a Co 3 O 4 film grown on Ni film were also prepared, as shown in Fig. S6 . We note that the thickness of Co 3 O 4 nanosheets can be easily controlled by adjusting the hydrothermal growth conditions, e.g. the concentration of reagents. All the three electrodes were cycled from 0.005 to 3 V at a current density of 500 mA g
. As shown in Fig. 8 , the Ni@Co 3 O 4 nanosheet inverse opal electrode exhibits the best cycling performance of the three electrodes. The thick nanosheet inverse opal decays more significantly than the ultrathin nanosheet system; and the flat film structure fades even faster. The fact that a thicker layer of Co 3 O 4 nanosheets reduces the electrode performance leads us to speculate that a higher surface area Ni inverse opal should be considered which would increase the mass loading of Co 3 O 4 without increasing the thickness of the active layer.
Conclusions
A unique anode design based on ultrathin Co 3 O 4 nanosheets coated on a Ni inverse opal electrode was fabricated and characterized. The Co 3 O 4 nanosheets grow uniformly throughout the 3D porous Ni inverse opal. The 4 nm thick nature of the nanosheets, in additional to their mesoporous structure appears to be important for good performance. The Ni@Co 3 O 4 nanosheet inverse opal electrode provides a capacity of 726 mAh g À1 at a current density of 500 mA g À1 even after 50 cycles. In addition, the capacity is 487 mAh g À1 when the chargeedischarge current density is increased to 1786 mA g
À1
. The performance under higher current densities can be attributed to the electrode architecture, which provides a short pathway for lithium and electrons in the Co 3 O 4 , is mechanically stable, and gives good long-range electrical conductivity. Co 3 O 4 aggregation can be effectively avoided because the Co 3 O 4 is attached to the surface of the porous 3D scaffold, which enabling most of the active nanomaterials to take part in the electrochemical reactions. These attributes make the proposed anode electrode an interesting candidate design for secondary batteries. 
